The fly liquid-food electroshock assay (FLEA) reveals opposite roles for neuropeptide F 3 in avoidance of bitterness and shock. 4 5 6 7
Significance Statement

INTRODUCTION
FLEA as an assay for feeding motivation, the perception of the current should not be altered by 167 the duration of prior food deprivation. We therefore performed the same experiment as with 168 denatonium, this time with current as the deterrent, varying the duration of prior food 169 deprivation. Avoidance of the well with higher current increased with deprivation time (Fig. 3 C) .
170
This would suggest that flies actually become more sensitive to current as they are food 171 deprived for longer. However, when we analyzed the proboscis and leg interaction preference mediated current cannot be perceived, probably because it is considerably smaller than frequency of proboscis over leg events (as flies are hungry and want to feed), proboscis 178 interactions become more prevalent after 18 hr of food deprivation. As the proboscis 179 interactions are more sensitive to current than the leg interactions, this skews the total 180 (proboscis+leg) interaction preference towards the negative, i.e lower-current well, explaining 181 the apparent increase in sensitivity to current of total event preference with increasing food 182 deprivation ( Fig. 3 C) .
183
Because our data suggested that current perception by the proboscis and by the legs is not 184 discounted by food deprivation, we wanted to establish the FLEA as an assay for motivation, 185 and we next tested whether an external incentive would induce flies to overcome a higher 186 current. As hypothesized, 18 hr food-deprived flies showed less aversion to a higher current 187 when the high-current well contained more sucrose ( Fig. 4 A and B) . Thus, flies are willing to 188 overcome current, if enough of an external incentive is paired with it. Furthermore, the FLEA 189 allowed us to assign a value on the incentive, which is the incentive size attractive enough to 190 equal the aversion to a given current, resulting in a preference index of 0. In this experiment, it 191 took a four-fold increase in sucrose concentration to offset the aversion to 10 MOhm current instead use a resistor pair where both currents were perceptible to the flies. In a choice of these 201 currents, each paired with 100 mM sucrose, flies preferred to interact with food paired with the 202 lower 20 MOhm over the higher 4.7 MOhm current ( Fig. 5 A) . The median preference index in 203 this setting was -0.19 ( Fig. 5 A) , which was considerably less aversive compared to our prior 33 204 MOhm vs. 10 MOhm comparisons with equal sucrose, where the preference indices ranged 205 from -0.41 to -0.62 ( Fig. 2 D, 3 C, 4 A) . This confirmed that our 20 vs. 4.7 MOhm setup the 10 MOhm FLIC current is close to innocuous, it is aversive to flies touching the food with aversive stimulus while feeding (10). One confound in this setup is that flies' devalue bitterness 272 with increasing food deprivation ( Fig. 3 A and B; (11) ). This makes sense in the wild, where a 273 (hungry) "beggar can't be a chooser", but it also means that assays of feeding motivation relying 274 on bitterness as a deterrent are confounded by the flies' internal state of satiety. Thus, a fly's 275 willingness to overcome a bitter substance is a combination of its internal deprivation state, or 276 drive, plus a peripheral reduction in the perception of the bitterness in the first place (12). For 277 the FLEA to be an improved measure of incentive motivation, we needed to show that the 278 perception of the current would not change as a function of the internal feeding drive. Indeed,
279
we found that increasing food deprivation from 6 to 18 hr did not alter flies' avoidance of higher 280 current ( Fig. 3 D and 5 B) , while it did reduce their avoidance of bitter denatonium ( Fig, 3 A and 
281
B). Using the FLEA, we then found that both increasing an external incentive (higher sucrose 
284
The FLEA therefore represents an improved Drosophila assay that can be used to quantitate 285 incentive motivation in this highly manipulable model organism.
286
The npF neuropeptide has previously been shown to be important for larvae to overcome bitter-287 laced food (15) . We replicated these results in adult flies, where we found that reduced npF 288 signaling made flies less willing to overcome bitter caffeine to obtain a preferable sucrose 289 solution ( Fig. 6 C) . However, when we performed the equivalent experiment with high vs. low 290 sucrose/current pairings, loss of npF had the opposite effect and made flies more willing to 291 overcome higher current ( Fig. 6 A) . Control experiments with 3 distinct npF manipulations 292 revealed that decreased npF signaling reduced flies' perception of current ( Fig. 6 ). Our findings 293 do not invalidate previous findings indicating that npF is involved in overcoming aversive stimuli 294 in order to get superior food. However, we were unable to assess this, as we discovered here 295 that npF is required for normal perception of the electroshock. The FLEA therefore revealed a 352 353 
358
If only the first 5 PEs per feeding well are analyzed (right side), the median PE duration 359 increases slightly, but not significantly (ns = not significant, p = 0.37, n = 349, 143). (C) Length combination (**p < 0.003, n = 9-11). (E) Reduced npF signaling also leads to an increase in 428 median proboscis bout length at the restrictive temperature with 10 MOhm current (**p = 429 0.0012, n = 47, 86), but not on the 33 MOhm, imperceptible current well (ns p = 0.14, n = 103, 430 77). (F) Similary, mutation in the npF receptor leads to increased bout duration on the 10 431 MOhm (** p = 0.007, n = 96, 80), but not 33 MOhm well (ns p = 0.20, n = 255, 271). 
